We have recently determined complete DNA sequences for the human albumin and a-fetoprotein
Introduction
From comparisons of amino acid and mRNA sequences, it is evident that the serum proteins albumin, a-fetoprotein [AFP] and vitamin D-binding protein [DBP] , also known as group-specific component [Gc] , constitute a gene family (Gorin et al. 1981; Jagodzinski et al. 1981; Law and Dugaiczyk 1981; Cooke and David 1985; Yang et al. 1985a, 19853; Cooke 1986 ). All three genes are expressed in the liver, although they are under differential regulation; AFP in particular is normally expressed only during fetal development, and the different levels of albumin and DBP in the serum suggest that their genes must be activated to different extents.
Each gene is present as a single copy in the human haploid genome, and they are closely linked on chromosome 4 (Weitkamp et al. 1966; Mikkelsen et al. 1977; Harper and Dugaiczyk 1983; Urano et al. 1984) . The mRNA sequences for human serum albumin and AFP show only -52% identity in the coding regions (Beattie and 1. Key sequence.
words: serum albumin, a-fetoprotein, vitamin D-binding protein, exon sequence, consensus Morinaga et al. 1983) , whereas comparison of each to DBP yields values of -37%-39% identity (Cooke and David 1985) . These values suggest that an ancestral gene was duplicated, with one member of the pair evolving to give DBP and the other subsequently reduplicating to give progenitors to albumin and AFP. Moreover, the low levels of sequence conservation indicate that the genes have evolved independently, despite their close linkage. Indeed, the rates of evolution of albumin and particularly AFP are quite high (Minghetti et al. 1985) . The divergence of DBP from albumin and AFP is further maintained by the apparent truncation of the DBP coding sequence (Cooke and David 1985; Yang et al. 1985a, 19853; Cooke 1986) .
The progenitor of the gene family itself is believed to have evolved by triplication, as indicated initially by the studies of Brown (1976) on internal amino acid sequence relationships, in particular, the location of disulfide bridges in bovine serum albumin. These studies have been extended to include mRNA sequences of human (Lawn et al. 198 1; Dugaiczyk et al. 1982) , rat (Sargent et al. 198 1 b) and mouse (Minghetti et al. 1985) albumins. The mRNA sequences for the AFPs of human (Morinaga et al. 1983) , rat (Jagodzinski et al. 198 l) , and mouse (Gorin et al. 198 1; Law and Dugaiczyk 1981) and the DBPs of human (Cooke and David 1985; Yang et al. 1985a, 19853) and rat (Cooke 1986 ) have indicated that the triple-domain structure applies equally well to these proteins.
Partial gene structures have been described for rat albumin (Sargent et al. 198 1 a), mouse AFP (Gorin and Tilghman 1980; Eiferman et al. 198 l) , rat AFP (Jagodzinski et al. 198 l) , and human AFP (Sakai et al. 1985) . Our laboratory has recently determined complete sequences for the human albumin (Minghetti et al. 1986 ) and AFP (Gibbs et al. 1987 ) genes. Models have been proposed for both the evolution of the onedomain precursor gene and its triplication to yield a three-domain progenitor to albumin and AFP (Eiferman et al. 198 1; Sargent et al. 198 1 a; Ohno 198 1; Alexander et al. 1984 ). These models differ from each other in several details, e.g., in the proposed origin of the exons that link the domains.
Individually, these genes provide data similar to those already published (Eiferman et al. 198 1; Sargent et al. 198 la) , and features common to these earlier models fit the human and rodent genes equally well. However, information derived from single gene studies gives tenuous conclusions, and therefore a data base of five genes (the two human genes and three published rodent genes) was used to derive consensus exon sequences that we used as a basis for testing these models of the early evolution of the gene family. Additionally, we were able to use the consensus exon sequences to propose both a structure for the related DBP gene and an evolutionary mechanism for the truncation of this gene.
Methods

Exon Sequences
Data on human albumin exon sequences were taken from Minghetti et al. ( 1986) , and those on rat albumin exons were taken from Sargent et al. (198 la, 198 lb) . The data on exons for mouse AFP were taken from the cDNA sequence of Law and Dugaiczyk (198 1) on the basis of the exon boundaries defined by Eiferman et al. (198 l) , and those for human AFP were taken from Gibbs et al. (1987) . A partial description of the intron-exon structure for rat AFP was available in the data of Jagodzinski et al. ( 198 l) , and the remainder was inferred on the basis of its 90% identity to the mouse sequence. Exons l-3 of the rat AFP were inferred from the 5' cDNA sequence of Turcotte et al. (1985) . 366 Gibbs and Dugaiczyk Sequence Alignments Exon sequences-either the equivalent exons of the five genes (equivalent may be taken to mean all exons 4, e.g.) or the exons occupying homologous positions within the domains-were aligned according to the algorithm of Needleman and Wunsch (1970) by means of a DEC VAX computer (see Devereux et al. 1984) . The alignments assigned on the basis of the computer matching were modified, if necessary, to satisfy the following three criteria: (1) the conserved cysteine residues must be aligned; (2) gaps inserted into the sequence must not alter the reading frame; and (3) a gap necessary to align a sequence must be in the same place when that sequence is compared to all of its equivalent and homologous sequences. These modifications were performed manually over short (~30 bp) regions of sequence and generally did not significantly reduce the degree of matching.
Consensus Sequences
These were determined on the basis of the final alignments of the exon sequences, including gaps. Each nucleotide in the consensus was the one most frequently occurring at that position.
Predicting the DBP Gene Structure
The human cDNA sequence encoding DBP was that identified by Yang et al. (1985~) . The consensus exon sequences were repeatedly matched to the cDNA; only regions that showed matching >25% identity were considered further. A limited amount of manual alignment, as described above, was necessary to refine the structure.
Results and Discussion
Albumin or AFP genes consist of 15 exons separated by 14 introns. The precise positions at which introns interrupt the coding sequences are known for human (Minghetti et al. 1986 ) and rat (Sargent et al. 198 1 a) albumins and for human (Sakai et al. 1985) and mouse (Eiferman et al. 198 1) AFPs.
In figure 1 A, the exon structure of the gene has been aligned with the domain structure of the mature protein, as originally proposed by Brown (1976) . This exonprotein alignment of figure 1 forms the basis of the data to be discussed in the remainder of the present paper.
Conservation of Exon Sizes
The sizes of the coding exons for the five genes are listed in table 1, although the data on intron sites for rat AFP are incomplete (Jagodzinski et al. 198 1) . The remainder of the rat AFP structure was deduced from comparison with mouse AFP. Table 1 shows that the sizes of most of the internal exons (exons 2-13) have been conserved during the evolution of both AFP and albumin, indicating a common progenitor for these genes. The mouse-and probably rat-AFP exon-3 sequences are 12 bp shorter than that of the human, a condition that is consistent with an apparent deletion of four amino acids in this region of the protein (Law and Dugaiczyk 198 1; Morinaga et al. 1983) . The apparent conservation of exon-4 length is somewhat misleading, since, as was initially shown for the rat genes (Jagodzinski et al. 198 l), an alignment of the AFP and albumin sequences requires the introduction of a 3-bp gap into each to bring the cysteine codons into register. and Eiferman et al. [ 198 11) . A two-domain gene is postulated to have undergone homologous recombination to yield the three-domain gene; the site of this event is arbitrarily placed. The twodomain gene itself resulted from an unequal crossover between exons 14 and 2, yielding the D exon. Panel C, Duplication of a "halfdomain" gene to give the one-domain precursor. An unequal crossover at an intron-exon boundary is proposed to have led to the elimination of a 5' splice sequence. Consequently, the intron sequence was fused to ancestral exons 14 and 2 to become exon B. The two copies of J evolved to give exons A and C. Panel D, Model of the albumin (or AFP) gene showing structural relationship between the three domains and also internal sequence homology within domains, as indicated by the shading. For illustrative purposes, exon 14 is split into coding and noncoding regions. The numbers at the upper comers of the exons indicate codon positions at which introns split the coding sequence. [I331
68 (45) 55 (45) 55 (45) 62 (42) 55 (45) NOTE . ' Numbers in brackets assigned on the basis of extensive sequence similarity to the respective mouse sequence. b Represents the 3' (exon 2) and 5' (exon 14) ends of a complete D exon.
Exon 1
The sizes of the exon-1 sequences vary among the genes (table l) , although if only coding regions are considered, this variation is reduced. For albumins, 54 bp of exon 1 encode the prepeptide, a further 18 bp encode a propeptide, and only 7 bp contribute to amino acids appearing in the mature protein. Similarly, 57 bp of the human and mouse AFP exon 1 encode prepeptides and 28 bp encode N-terminal amino acids of the mature protein. Exon 1 of the rat appears to contain more coding sequence than do the other exons 1, and this can be attributed to an initiation codon 18 nucleotides upstream of that used in the other sequences, in the same reading frame (Turcotte et al. 1985) .
Although there is extensive amino acid and nucleotide sequence similarity in the pre(pro)peptide regions of human albumin, AFP, and DBP (Yang et al. 1985b) , the N-terminal processing sites vary among these genes. These variations may reflect sequence specificity or conformational requirements of the signal peptidase. Neither the translated nor the untranslated regions of exon 1 show any similarity to other regions of the genes. Because exon 1 is a singular structure in the modem gene, it can be excluded from any role in earlier gene-duplication events.
Exon 14
This exon is also partially untranslated, but, in contrast to exon 1, the coding sequence of exon 14 clearly shows sequence similarity to other internal exon sequences. Exon 14 is therefore a component in the triplicated structure of the gene and must Evolution of Albumin/AFP/DBP Gene Family 369 have been involved in events of gene duplication, as we shall discuss in more detail below.
Exon 15
The 3'-terminal exon of each gene is entirely untranslated and shows no similarity to any other exon sequence in the genes. Unless it had at some distant stage been related to a coding sequence and subsequently diverged so as to be unrecognizable, it is unlikely to have participated in any of the gene-duplication events of the past.
Internal Triplication of Human Albumin and AFP Brown (1976) proposed that bovine serum albumin arose via triplication of a one-domain precursor, and evidence from DNA sequence similarity of rodent albumin and AFP exons has confirmed this generally accepted model (Eiferman et al. 198 1; Sargent et al. 198 la) . The two following lines of evidence serve to strengthen this hypothesis: Panel A of figure 1 indicates that three sets of exons (indicated by A, B, and C) occupy structurally homologous positions entirely within the domains. We initially aligned the exons in these sets for each human gene; in human albumin, such pairwise sequence matchings showed 34%-53% identity. Our realignments of the rodent exons gave similar results, and the extent of matching that we observed differs from those previously published (Eiferman et al. 198 1; Sargent et al. 198 la) by no more than two residues per exon.
The exon sequences from five genes constitute a data base sufficiently large to attempt a different approach in further investigating these relationships. We combined the alignments for exons 3, 7, and 11 from the two human and three rodent genes and determined the most frequently occurring nucleotide in the 15 sequences at each position. The sequence obtained was designated consensus A and is shown in figure  2 . Similarly, consensus sequences were determined for the B and C exons; these are also shown in figure 2. An unambiguous assignment could be made at -90% of nucleotide positions in each consensus.
The consensus sequences were then matched against each of the individual exons from which they were derived. The data for the two human genes are shown in table 2. In each instance the degree of matching to the consensus exon was 55%-70% identity, which is greater than either the degree of matching between duplicated exons within a gene or the similarity between equivalent exons of human albumin and AFP (m 50% identity). The data obtained for consensus matches to the rodent exons were comparable to those in table 2.
A common feature of the models for triplication of these genes is the homology of exons of the A, B, or C types (Eiferman et al. 198 1; Sargent et al 198 la) , as shown in panel B of figure 1. Our two sets of data, from matching exons of single genes and matching to consensus exons, provide confirmation of this aspect of their models. The results of matching our consensus exons to individual exon sequences provide the most compelling evidence in favor of this feature of the model. Indeed, the fact that we were able to derive relatively unambiguous consensuses might also be considered as evidence in favor of common precursors to the exons of the modem genes. The consensus sequences can be considered as approximations to the exon sequences of the one-domain precursor gene, although they could be biased given their derivation from only AFP and albumin genes with no contribution from the paralogous DBP gene (for which no structure is yet known; see below). 
codes (R = A/G, Y = C/T, M = A/C, K = G/T, W = A/T, S = G/C, B = C/G/T, D = A/G/T, H = A/C/T, and V = A/C/G)
. Consensus A was derived from the human and rat albumin and the human, rat, and mouse AFP exons 3,7, and 11. The sites at which gaps were introduced into exon 3 during alignment are indicated above the sequence, by a double dash (=) for gaps specific to albumin exons, by a single dash (-) for gaps specific to AFP, and by a plus sign (+) for gaps common to both. A consistent gap site in all exons 7 is indicated by underlining. Consensus B was derived from the aligned exons 4,8, and 12; gap sites in exon 4 are indicated above the sequence, as in the manner used with consensus A; and those in exon 8 are underlined. Consensus C was derived from exons 5, 9, and 13 without introducing gaps. Consensus D was derived from exons 2, 6, 10, and 14, aligned as indicated in fig. 3 . A gap site in AFP exon-2 sequences is underlined. Consensus J is from all A and C exons, aligned as in the manner used with consensus A, and with a gap introduced into the C exons at the site underlined.
In aligning many of the exons, we found it necessary to introduce gaps into the sequences; these are indicated in the consensus sequences in figure 2 . Gaps of at least two distinct types could be identified, and these are exemplified by the exons used to derive consensus A. The gap in exon 7 was consistently at the same site, suggesting that this deletion was already present in the albumin/AFP progenitor. The gaps in exon 3, although overlapping, were at different positions, a situation suggesting, perhaps, that they arose after the divergence of the albumin and AFP lineages. An additional gap is also found when the rodent and human AFP exons 3 are aligned (from nucleotides 110 to 12 1, inclusive, in consensus A), which must be a consequence of a still later event, one postdating the mammalian radiation but predating the mouserate divergence.
The Origin of Exons 6 and 10
As presented in panel A of figure 1, exons 6 and 10 span the boundaries between the protein domains. Eiferman et al. (198 1) proposed that the one-domain precursor gene had the equivalents of exons 2 and 14 at its 5' and 3' ends and that the primary duplication of the gene involved an unequal crossover between these sequences, yielding a fused exon with the exon-14 sequence at the 5' and the exon-2 sequence at the 3' end ( fig. 1, panel B) . This exon appears in the modern protein as exons 6 and 10. Sargent et al. (198 la) proposed a similar model, although one allowing no role for exon 14 in the initial crossover. We obtained two pieces of evidence that allow us to differentiate between these models. Alignments of exons 2, 6, 10, and 14 of the human albumin gene are shown in figure 3 . There is extensive sequence matching between each pair of exons (table 3) . The human AFP exons were also examined in this way; the match scores were somewhat lower in this instance (table 3) , a fact perhaps reflecting the more rapid evolution of this gene (Minghetti et al. 1985) . The data from the human albumin alignments provide the strongest evidence available from a single gene in support of the crossoverfusion model of the generation of exons 6 and 10.
To examine evolutionary relationships between exons 2, 6, 10, and 14 further, we again generated a consensus exon sequence from these exons (only the coding portion of exon 14 was included) aligned as in figure 3 . This sequence, which we call consensus D, is shown in figure 2 . Each of the exons 2,6, 10, and 14 showed a ~50% identity to this consensus (table 3) .
These alignments strongly support the hypothesis that the D exons (6 and 10) arose from an unequal crossover between primordial exons 14 and 2, as shown in panel B of figure 1 and as proposed previously by Eiferman et al. ( 198 1) . each domain. Our alignment of human albumin A exons with C exons resulted in 30%-44% sequence matching. The following additional evidence supports a common origin of these ancestral exons.
Evolution of the One-Domain Precursor
First, the placement of cysteine residues in the two types of exons is very similar, and introducing a two-codon gap in C exons, between nucleotides 100 and 10 1, brings them into register with the A exons. In addition, all C exons have a proline residue at codon 10, and this residue is seen in many A exons (some exons 3 and 7 and all exons 11). fig. 3. A  similar alignment was made for AFP, including a gap in exon 2, as  indicated in fig. 2. The consensus-D sequence is that shown in fig. 2;  exons 2 and 14 were matched against the 3' (4 l-98) and 5' ( l-42) ends of the consensus, respectively. Second, the consensus sequences A and C matched at 69 (52%) of 133 positions. Therefore, we aligned all 15 A and 15 C exon sequences, and derived a fifth consensus, J, from them ( fig. 2) . Each of the appropriate human albumin and AFP exons matched 250% to the J consensus (table 4) , and, as would be expected, consensus sequences A and C showed extensive matching with J.
Taken together, these data indicate that the A and C exons are themselves the product of an even earlier duplication event.
Homology of Exons B and D
In light of the sequence relationship between exons A and C, we searched for similarities between the B and D exon sequences. Because the exon-D sequence itself arose as a consequence of fusing ancestral exons 2 and 14, the exon-D sequence was considered as two parts, equivalent to the modern exons 14 (nucleotides l-42) and 2 (nucleotides 4 l-98).
When the consensus exon-14 sequence was aligned with the 5' end of the B consensus (nucleotides l-42), it matched at 2 1 (50%) of the positions. Interestingly, the exon-2 consensus sequence matched the 3' end of the B exon (nucleotides 164-224) at 25 (43%) of 58 positions, with a one-codon gap in the exon-2 sequence to align the cysteine codons.
An Ancient Duplication in the Evolution of the Gene
The sequence relationships (1) between consensus sequences A and C and (2) between consensus sequences B and D suggest an early duplication in the evolution of the one-domain precursor gene. To account for these data, we propose the model shown in panel C of figure 1. An ancient gene, containing exons 1, 2, J, 14, and 15, underwent an unequal crossover to yield an extended gene with two copies of exon J separated by exons 14 and 2 and an intron sequence ( fig. 1, panel C) . Subsequent conversion of this intron sequence to a coding sequence then yielded a one-domain precursor that evolved to give that shown in panel B of figure 1. Consensus B contains two sequences closely related to 3' splice sites (i.e., a pyrimidine-rich sequence followed by YAG [Mount 19821 ) near the start of the exon 2-related sequence; these two . . .
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Non.-The consensus J sequence, its derivation from exons 3, 5,7,9, 11, and 13, and the sites of gaps introduced into the exon sequences during alignment are as shown in fig. 2 . sequences are TCTTTCACACCTGACAAG (positions 145-162) and TTTMTAG (positions 163-169, a sequence that overlaps the beginning of the exon 2-type sequence). The presence of such intron-sequence elements would seem to favor our hypothesis.
Some details of this model must remain uncertain. As drawn, the bulk of exon B is derived from the intron sequence, with loss of a splice junction converting the intron to a coding sequence; this step could have been concomitant with the unequal crossover (rather than subsequent to it, as depicted in panel C of fig. 1 ). The highlights of our model are summarized by panel D of figure 1. Sequence similarity between A and C exons was first recognized by Sargent et al. (198 la) in the rat albumin gene and subsequently by Eiferman et al. (198 1) We have not yet attempted to carry our model of the evolution of the gene precursor back any farther than is shown in figure 1 , although studies in two laboratories have attempted to do so (Ohno 198 1; Alexander et al. 1984) . In each case it was postulated that the exons evolved from tandem duplication of short direct repeats. It is noteworthy that both laboratories studied the same gene, mouse AFP, but came to different conclusions about the size of the direct repeats involved. Ohno (198 1) suggested that an 18-nucleotide repeat was the initial precursor of the gene family, whereas Alexander et al. (1984) proposed that a 27-nucleotide consensus sequence is repeated 29 times in both mouse AFP and rat albumin. We have had some difficulty in reconciling these findings with our own consensus sequences, because their consensus sequences do not match particularly well to ours. This may be attributable to the smaller sample of genes that they had available and to the rapid evolution of members of this gene family (Minghetti et al. 1985) .
A Predicted Structure for the DBP Gene
If the consensus-sequence approach used in the derivation of our model has any basis in reality, it should be testable in predicting structures of related genes. We therefore decided to test our model in predicting the structure of the human DBP gene from its cDNA sequence (Yang et al. 198%) .
Computer matching of consensus sequences to the cDNA, with some manual realignment (see Methods above), predicted putative exons 2-11 (table 5). These proposed exons are in the same reading frames as the equivalent exons of albumin or AFP. The most difficult boundary to assign was that between exons 8 and 9, a region where the protein sequence alignments of Cooke and David ( 1985) suggest numerous small deletions in DBP relative to albumin. Figure 4 shows the human DBP sequence in the presentation proposed by Brown ( 1976) for serum albumin and indicates our predicted positions of introns. The intron sites in the first two domains show a symmetry similar to that previously noted for human albumin (Minghetti et al. 1986 ) and AFP (Gibbs et al., 1987) . We have also examined the cDNA sequence for rat DBP (Cooke 1986 ) and have determined that an identical exon-intron structure can be derived for this gene. NOTE.-The DBP sequence was that described by Yang et al. (1985~) for the human DBP allele Gc-2. The sequence was aligned to the consensus sequences by means of the introduction of gaps (if necessary) to allow precise matching of the cysteine codons. This then allowed the assignment of the exon boundaries shown.
The twelfth exon of human DBP contains 27 coding nucleotides (including the termination codon). Since DBP is significantly shorter than albumin or AFP, the origin of these nucleotides may provide information about this apparent truncation. Two alternatives should be considered.
First, a premature termination codon could have been introduced into an original exon 12 (B type), and subsequently the downstream exons could have been eliminated. In the albumin and AFP genes, there is a conserved cysteine codon at the position corresponding to the TAG termination codon of human DBP. This termination could have arisen via insertion of an A into a cysteine codon (TGT) in an original exon 12, to give the observed human sequence TACT. However, 10 of the subsequent 12 residues of the human and rat DBP sequences are conserved (fig. 5A) ; and since neither albumin nor AFP (in human/rat comparisons) show any significant conservation of sequence beyond the termination codon, we would argue that the introduction of the TAG terminator in human DBP arose recently from a CAG codon still present in the rat.
The alternative was examined by matching the 5' 42 nucleotides of the proposed DBP exon 12 to the 5' 42 nucleotides of either consensus B or consensus D (42 nucleotides is the length of the coding sequence of human albumin exon 14). As shown in table 5, the consensus-D sequence gave the better match; of the 19 nucleotide identities, 16 were located in the translated region of the DBP sequence ( fig. 5B) . A similar bias in favor of the D consensus was seen for the rat DBP sequence. These data suggest (1) that the sequence of the twelfth DBP exon is more D-like than B-like and (2) that the shortening of the DBP coding sequence may have occurred via the deletion of exons 12 and 13 from the DBP progenitor, after the latter's separation from the AFP and albumin lineages ( fig. 5C ).
The experimental determination of the structure of the DBP gene will be required to verify our predictions, and the availability of such data should lend credence to our models for the evolution of this gene family.
